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ABSTRACT: Glutaryl 7-aminocephalosporanic acid acylase (GCA, EC 3.5.1.11) is a member of N-terminal
nucleophile (Ntn) hydrolases. The native enzyme is ap){ heterotetramer originated from an
enzymatically inactive precursor of a single polypeptide. The activation of precursor GCA consists of
primary and secondary autoproteolytic cleavages, generating a terminal residue with both a nucleophile
and a base and releasing a nine amino acid spacer peptide. We have determined the crystal structures of
the recombinant selenomethionyl native and S170A mutant precursoPseodomonasp. strain GK16.
Precursor activation is likely triggered by conformational constraints within the spacer peptide, probably
inducing a peptide flip. Autoproteolytic site solvent molecules, which have been trapped in a hydrophobic
environment by the spacer peptide, may play a role as a general base for nucleophilic attack. The activation
results in building up a catalytic triad composed of Ser170/His192/Glu624. However, the triad is not
linked to the usual hydroxyl but the free-amino group of the N-terminal serine residue of the native
GCA. Mutagenesis and structural data support the notion that the stabilization of a transient hydroxazolidine
ring during autoproteolysis would be critical during the-NO acyl shift. The autoproteolytic activation
mechanism for GCA is described.

The glutaryl 7-aminocephalosporanic acid (7-ACAgyl- Scheme 1: Schematic Diagram of the Overall Reaction of
ase (GCA; EC 3.5.1.11) dfseudomonasp. strain GK16 is GCA?

an amide hydrolase that produces 7-ACA from glutaryl 0

7-ACA (Scheme 1) 1, 2). It belongs to cephalosporin HOOC™ (CH=C=N s + 1o
acylases, a group of enzymes that hydrolyze cephalosporin Jf_‘yl/ CH:0COCH;

C. 7-ACA is a key intermediate for the synthesis of the COOH

clinically important semisynthetic cephem antibioti@-( Gluan1 7-ACA

5). Sequence alignment analysis suggests that GCA belongs IGCA

to type | cephalosporin acylase (CA-I), which shows gene 0 HN s
structures very similar to those of penicillin G acylase (PGA) HOOC—(CH:)—C—OH  + J;( CH;0COCH;
(6). In addition, GCA is a member of the N-terminal COOH
nucleophile (Ntn) hydrolase superfamily, including PGA, Glutaric acid T-ACA

cephalosporin acylase (CA), glutamine PRPP amidotrans- *The substrate, glutaryl 7-ACA, is hydrolyzed by glutaryl 7-ACA
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Structural Insight into Precursor Activation
Scheme 2: Schematic Diagram of the Two-Step
Autocatalytic Processing of GCA
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(Clontech), Resource Q ion-exchange FPLC, and phenyl-
Sepharose chromatography (Pharmacia).

Protein CharacterizationThe native GCA fronPseudo-
monassp. GK16 is a (). heterotetramer as measured by
both gel filtration chromatography and native PAGE2(

18). The active GCA tetramer fronPseudomonasp. is
dissociated into dimers at a low denaturant concentration and
low pH, whose enzyme activity remains about 10%8)(
Single amino acid mutation of Ser170 to Ala affects correct
autocatalytic processing which occurs in cis in a folding-
dependent manner, generating an enzymatically inactive
precursor 12). SDS-PAGE analysis demonstrated a single
protein band of the S170A mutant at 71 kDa, and its CD
spectra are identical to those of the native GCA (data not
shown), suggesting that the lack of autoprocessing is not the

molecular cleavage between Gly169 and Serl70 and a subsequenfesun of misfolding. Instead, the lack of a nUC|e(?phi"C group
intermolecular cleavage between Gly160 and Aspl61 to generate ain the S170A mutant may prevent the processing, to mimic

native @3). heterotetramer.

containing the spacer peptide and theubunit; the second

step is an intermolecular cleavage, with the spacer peptide
released, and the subunits assemble into an active hetero

tetramer §p3).. Mutagenesis and reconstitution studies

required for GCA activity and the invariant Ser170 becomes
a newly generated N-terminal residue of {hesubunit of
the native enzymel@, 13). Most importantly, its side chain
hydroxyl group plays an essential role in both autoproteolytic
activation and enzyme catalysis.

precursor GCA 12, 18).

Crystal Preparation.Crystals of the SeMet native and
alanine mutant GCA were grown at 2C by the hanging-
drop vapor diffusion method using ammonium sulfate as a
precipitating agent. Earlier attempts to crystallize GCA

.~~~ resulted in tetragonal crystals with dimer in the
demonstrated that the removal of the spacer peptide is g Y p

asymmetric unit 18). A different crystal form was then
obtained, when the reservoir solution contained 1.6 M
ammonium sulfate, 0.1 M HEPES (pH 7.5), and 0.1 M NacCl
for the native and 1.5 M ammonium sulfate, 0.1 M Tris-
HCI (pH 8.5), and 12% glycerol for the precursor GCA.
Crystals obtained from the proteins were monoclinic (space

Precursor structures are essential to understand the mechgroup C2) and contained two molecules in the asymmetric

anism of autoproteolytic reactions that proceed via afrN
O or N— S acyl shift. Although three-dimensional structural

unit, an @), heterotetramer positioned at the crystal-
lographic 2-fold axis. Crystals were flash-cooled at 100 K

information is available for some Ntn hydrolase precursors py transferring them into a reservoir solution containing 20%
(14-17), precursor activation mechanisms are not clearly glycerol. The unit cell dimensions of the precursor crystals
understood. In particular, the exact autoproteolytic potential were similar to those of the mature native enzyme, with a

is far from complete. A highly strained tight turn conforma-

decrease of abou A in the a axis and aboul A in b and

tion with unusual geometry at the scissile peptide bond hasc (Table 1).

been suggested to be in part a driving force for GA precursor

activation (L6). We determined the crystal structures of the

selenomethionyl (SeMet) native and S170A mutant precursor

GCA from Pseudomonasp. strain GK16 by X-ray crystal-
lography and refined to 2.0 and 2.5 A resolution, respectively.
In this report we describe the autoproteolytic activation
potentials that include a conformational constraint in the
spacer peptide, the stabilization of the hydroxazolidine
transition state, and sequestering solvent molecules in
hydrophobic environment. A detailed mechanism for peptide
bond rearrangement during the N O acyl shift is also
described.

MATERIALS AND METHODS

Preparation of Recombinant Proteinghe pSH plasmid
harboring the cloned glutaryl 7-ACA acylase gene from
Pseudomonasp. strain GK16 was described previousl)(

It was used to transform Met auxotroptischerichia coli
strain B834(DE3). SeMet GCA was overexpressed in a
defined minimal medium (without methionine) including-

selenomethionine. S170A mutant GCA was prepared by site-

directed mutagenesis and subcloned Bteoli BL21(DE3)
with the overexpression vector pET23¢( GCA proteins
were purified using TALON metal affinity chromatography

Data Collection. Diffraction data were collected using
synchrotron radiation sources, NSLS beamline X9B at
Brookhaven National Laboratory and PLS beamline 6B at
Pohang Light Source. Three wavelength data sets for SeMet
GCA at the peak, at the inflection point, and remote from
the absorption edge were obtained at 1.5, 2.0, and 2.0 A
resolution, respectively, and the data set for precursor GCA
was obtained at 2.5 A resolution. All data were indexed and

4scaled (Table 1) using DENZO and SCALEPACR0Q).

Experimental PhasedNineteen positions out of the 24
selenium atoms expected from the number of methionine
residues in the amino acid sequence were initially calculated
by direct and reciprocal-space Patterson searches in CNS
(21). The complete 24 selenium sites were obtained by
difference Fourier, based on dispersive as well as anomalous
differences. The anomalous difference Fourier was sufficient
to determine the five missing sites with outstanding correla-
tion coefficients (higher than 127). The heavy-atom
parameters were then refined to give the mean figure of merit
of 0.56 using data to 2.4 A resolution. Phase refinement was
followed by DM (22), using solvent flipping and histogram
matching, which provided a final figure of merit of 0.85 at
2.0 A resolution. This map showed clear density for the
overall structure of GCA.
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Table 1: Crystallographic and Refinement Statistics

SeMet GCA
inflection (A1) peak ¢2) remote {3) S170A precursor
data collection statistics
wavelength (A) 0.9810 0.9800 0.9680 1.0629
resolution (A) 2.0 1.5 2.0 2.5
observations 436357 1360035 374135 248978
unique reflections 120889 278106 118490 59280
completeness (%) 99.5 97.6 99.2 99.4
Reym(%0)? 6.0 7.5 6.3 7.5
11a(1) 12.9 9.9 12.2 9.8
unit cell parameters a=229.7 A, a=225.4A,
b=69.9A, b=68.8A,
c=113.7A, c=112.8A,
p=97.6 p=975
MAD phasing powet 1.75/3.37 1.13/2.14 1.94/3.25
figure of meri¢ 0.56/0.85 0.68/0.83
refinement statistics
resolution range (A) 20:62.0 30.0-2.5
no. of reflections used in refinement 110770 56456
no. of reflections used iRee 4488 (4%) 2290 (4%)
Reryst (%) 18.3 17.7
Riree (%0)° 20.6 21.8
rmsd, bond distances (A) 0.005 0.006
rmsd, bond angles (deg) 1.3 1.3
averageB-factors (&) 14.5 21.1
no. of water molecules 1256 866
Ramachandran plot quality
most favored region (%) 88.2 87.3
additionally allowed region (%) 11.3 11.8
generously allowed region (%) 0.2 0.5
disallowed region (%) 0.4 0.3

aRsym = YnYilli(h) — D(h)@XnY; li(h), whereli(h) is theith measurement arid(h)Cis the mean of all measurementsl ) for Miller indices
h. ® Phasing powet= [|Fn(calc)¥|lack of closure errdf]*2 whereFy is the heavy-atom structure amplitude (average/maximum for acentric reflections).
¢ Overall figure of merit was used for computing the initial m&Bcyst = Y |Fo — Fel/3|Fo| calculated for all observed datdRiee = Y |Fo —
F¢|/Y|Fo| calculated for a specified number of randomly chosen reflections that were excluded from the refinement.

Model Building and Refinemerensity-modified phases  water molecules are also shown in Table 1. As shown in its
from CNS and 2.0 A resolution data were used to initiate native structure, four proline residues, Pro131 (Pro231),
building of dummy models in ARP/WARP2B). The main Pro422 (Pro253), Pro548 (Pro379), and Pro635 (Pro466),
chain was almost completely traced, with the exception of assume a cis peptide conformation and Phe346 (Phel77) was
terminal residues and loop regions, and its side chains werein a disallowed region of the Ramachandran plot. We rebuilt
placed into the density. Manual building of remaining the Ser residue in place of Ala in the precursor structure.
residues and their side chains was conducted 4D The The side chain orientation of Ser170 was modeled to reflect
initial model was composed of twa/s dimers in the the native conformation and corresponded to one of the most
asymmetric unit that are related by a translatiod/pélong frequently observed rotamer conformations. Two other most
the c axis and a rotation of 2°2 An (03), heterotetrameric ~ frequently observed rotamer orientations caused steric hin-
molecule could be generated by crystallographic 2-fold drance with neighboring atoms at the autoproteolytic site.
symmetry. Crystallographic refinement was subsequently The modeled side chain directs its OG toward the scissile
carried out using CNS2(l). After a few rounds of model  carbonyl carbon atom in the Gly16%erl170 peptide bond,
rebuilding, the final model of the heterotetramer comprises so that it could follow the preferred orientation of a
residues GIn8&Gly160 of theca subunit, residues Serl nucleophilic addition reaction2¢). The rebuilt model was
Pro522 of thes subunit, and 1256 water molecules in the further subjected to energy minimization using CNS)(
asymmetric unit (Table 1). The stereochemistry of the refined The coordinates of the SeMet native and precursor GCA have
structure was analyzed by PROCHECR5), revealing that been deposited in the Protein Data Bank (PDB ID codes
four prolines (Pro131 of the subunit and Pro253, Pro379, 10RO and 10QZ).
and Pro466 of thg subunit) adopt a cis peptide conformation
and one residue, Phel77 of hsubunit, is in a disallowed =~ RESULTS AND DISCUSSION
region of the Ramachandran plot.

The S170A mutant precursor structure was solved by
molecular replacement using the refined polyalanine model
of the native GCA as a template, which was carried out in
CNS (21). Density modification resulted in a figure of merit
of 0.83 with 2.5 A resolution data. The map was clearly
interpretable fqr the entir_e structure. Crystallographic; rt_efine— 2 The precursor has been mumbered as & single chain (residues
ment was carried out using CN31). Refinement statistics 1-691) cgmprising thet subunit (=-160) and the Spager region (161

and geometry of the model that comprises residues-Pro6 169 followed by thes subunit (176-691). The amino acid residue of
Pro691 of the unprocessed single polypeptide chain and 866the native is numbered in parentheses, if applicable.

Overall StructuresThe native GCA heterodimer folds into
a compact structure containing theSfa. motif. This
structural core is formed by twé sheets packed against each
other, which are sandwiched by two layers wfhelices,
constructing a heterotetramer. The precursor GCA has a
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Ficure 1: (A) Dimer structure of the GCA precursor froRseudomonasp. GK16. The precursor consists of two monomers related by

a crystallographic 2-fold axis. The spacer peptide which is autoproteolytically cleaved out is colored in red. (B) Superimposed structures
of the native (black) and precursor GCA (brown). The spacer peptide is shown with a thicker line in red. Every 50th residue is numbered.
(C) One of the interface contact regions between two monomers. The position of the crystallographic 2-fold axis relating the two monomers
passing between the two aromatic rings of Tyr549 is shown as a black mark.

structure very similar to that of the native GCA, except for Arg498—Ala501) and portions of the loop (Trp42Pro422,

the spacer peptide that connects the C-terminal end af the Lys543-Ser546, and Val551-Pro554) and strand (Ala536
subunit and the N-terminal end of tfiesubunit of the native ~ Thr537 and Tyr549Val551) regions participate in this
enzyme (Figure 1A). The root-mean-square deviation (rmsd) monomefr-monomer contact to which van der Waals inter-
upon superposition of the nativef), heterotetramer and  actions contribute substantially. In particular, two aromatic
the precursor dimer structures is 0.68 A for 1346 common rings of Tyr549 from each monomer are packed at a distance
Ca atoms (Figure 1B). One monomer of the precursor is of about 3.6 A, where the crystallographic 2-fold axis passes
essentially identical to that of the natives heterodimer through (Figure 1C). The side chain of Asp480 of one
(rmsd= 0.24 A for 673 @ atoms). The sandwich structural monomer forms a salt bridge with that of Lys543 and
motif is highly conserved in the Ntn hydrolase superfamily, hydrogen bonds to Ser546 OG of the other monomer. These
as also demonstrated in recently determined structures ofstructural features are also found in the native structure, and
glutarylamidase fromPseudomonassp. and CA from the residues at the interface are highly conserved in the type
Pseudomonas diminu{@—9). The rmsd upon superposition | CA (CA-I) enzymes 6). The surfaces of the spacer peptide
of the native GCA and glutarylamidase structures is merely region in the precursor exhibit negative potentials, whereas
0.81 A for 1345 common € atoms. A superposition of one  the native enzyme shows a partly positive surface potential
monomer of the precursor GCA and the monomeric CA in the absence of the spacer peptide and a solvent-accessible

precursor structurel) is 0.52 A for 679 common & atoms. hole to the active site (data not shown). A negative potential
The two monomers of the precursor form a tight contact, patch is also found on the diametrically opposite end of the
shielding solvent-accessible surface area of 1935fmer- spacer surface. Precursor dimerization has been implicated

ization of the precursor sequesters a slightly larger surfaceas an important factor for the autoproteolysis of GA that is
area, compared with 1868%An the native structure. Three a member of Ntn hydrolas@8, 29). His124 at the interface
helical regions (Arg449Asn454, Pro47911e487, and between two heterodimers of GA is crucial for the thermo-
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Ala170

Ficure 2: (A) Stereoview of the electron density map and a model for the spacer peptide of the precursor GCA. The map B.of the 2
F. type at 2.5 A resolution and contoured atd..PB) Superimposition of the spacer peptides of the dimeric GCA (C, N, and O atoms are
colored in green, blue, and red, respectively) and the monomeric CA (dark gold).

dynamically stable and mature oligomeric structure. In spacer peptide including the autoproteolytic site is located
precursor GCA, the negative potential patches may guidein the longer interlayer loop. The overdHactors for this
its monomers in side-by-side orientation using electrostatic spacer region are between 15 and 3% With the higher
repulsion. The interactions of the aromatie iz stacking and mobility near the loop region. Superimposition of the dimeric
salt bridges at the interface might be important for the correct GCA and monomeric CA spacer peptides reveals significant
positioning of dimerization of the GCA precursor and thus differences (Figure 2B), although the amino acid sequences
for the assembly of the native heterotetramer. are identical in this region. The CA spacer peptide shows a
Conformation of the Autoproteolyzed Spacer Peptide of bend conformation from Asp164 to Aspl67, whereas the
Precursor GCA.A novel feature of the nine amino acid GCA spacer peptide hashelical conformation from Pro162
spacer peptide is that it adopts one and a half turns ofto Alal66. The differences in th¢ and v values of the
o-helical conformation from Pro162 to Ala166 ang atrand spacer peptides between GCA and CA also demonstrate the
conformation from GIn168 to Alal70 (Figure 2A), which major changes of the angles in three segments of G158
extends to Vall75. It was noted earlier in GA that the Aspl6l, Prol63Alal66, and GIn168Gly169 (data not
interlayer loops cluster at the functional side of the structure shown). These segments are involved in secondary process-
for autoproteolysis and hydrolase activityf. Two inter- ing, geometric constraints, and peptide flipping, respectively
layer loops are found at the functional side of GCA, and the (see below).
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A

Ficure 3: (A) Stereoview of the autoproteolytic site of the precursor GCA (C, N, and O atoms are colored in gray, blue, and red, respectively,
and C atoms of the precursor GCA spacer peptide are colored in green). The catalytic triad and part of the spacer peptide of the precursor
CA are superimposed (dark gold). The Alal70 residue was modeled as Serl170 on the basis of the native conformation, and its side chain
corresponded to one of the most frequently observed rotamer conformations. Solvent molecules are colored in magenta, and dotted lines
indicate putative hydrogen bonds. (B) Stereoview of the electron density map and a model of the catalytic triad found in the native GCA.
This map is of the B, — F. type at 2.0 A resolution and contoured atd..Dotted lines indicate putative hydrogen bonds for the triad, and
solvent molecules are colored in magenta.

Antiparallel -sheet is formed between the strand from the end of thef strand in the extendefl sheet core and
Aspl67 to Alal70 and the strand from Prol191 to Serl94. thus exposed to solvent, with a solvent-accessible surface
However, it is absent in the native structure, and the site is area of about 12 Ain the native structure (compared to-55
occupied by ordered solvent molecules, bound to the main65 A2 for an entirely exposed Ser). One of the solvent
chain atoms of the flanking strand. The main chain interac- molecules is found to bridge these amino and hydroxyl
tion between Aspl167 and Ser194 is facilitated by one of the groups in the native structure, which appears to play a role
bound solvent molecules. The amide N of His192 forms a in acylase activity. In contrast, its accessibility is blocked
hydrogen bond with the carbonyl oxygen at the scissile bond by the presence of Glyl169 in the precursor structure.
between Gly169 and Serl70 in the precursor structure, Therefore, the differential burial of the residue Ser170 and
involved in extensives sheet hydrogen-bonding interactions. the replacement of the residues from Asp167 to Gly169 with

Autoproteolytic Site of Precursor GCAComparison ordered solvent molecules may gain an access to the substrate
between the native and precursor molecules shows that theecognition cleft and provide a catalytic advantage to the
substrate binding cavity is shielded by the spacer peptide atnative enzyme.
the autoproteolytic site. The Alal70 residue of the S170A  One interesting feature of the autoproteolytic site of the
mutant precursor GCA was modeled as Serl70, to reflect precursor GCA is that the carboxylic group of Glu624 makes
the native conformation and correspond to one of the mosta hydrogen bond with the imidazole ring of His192 (3.0 A).
frequently observed rotamer conformations. Serl70, anHowever, the hydrogen bond between Serl70 and His192
essential nucleophile in autoproteolysis as well as catalysis,does not appear to exist in the precursor (3.6 A), whereas it
is entirely buried in the precursor structure (Figure 3A). After is formed in the native structure (3.1 A) to underline a
the primary autocleavage, however, it becomes located atcatalytic triad of Ser-His-Glu, as observed in glutarylamidase
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(7) (Figure 3B). Contrary to our expectations of the catalytic of the PRO T1A mutanf subunit adopts a well-defined
triad of serine protease8(@), there is a difference in the turn conformation at the autoproteolytic site7), and the
specific nature of the triad found in native GCA. The modeled Thrl side chain is positioned over thieirn bulge.
hydrogen bond between Serl and His23 involves the free Thus, addition of the nucleophilic hydroxyl group to the
a-amino group of the serine residue, not the usual hydroxyl autocleavage site may proceed by very small motions. We
group. The side chain of His23 in the native structure may searched for conformations similar to the spatial motif
contribute to reduce thekp of the a-amino group of Serl, = composed of the spacer peptide (residues AspTa¥169)
which then acts as a general base to deprotonate its owrin the Protein Data Bank databasgl) The best matches
hydroxyl oxygen involved in acylase catalysig (3). Our were residues 6169 of 1-aminocyclopropane-1-carboxylate
structures thus suggest that this catalytic triad is not requiredsynthase 32, PDB code 1b8g; rmse= 0.70 A), residues
for precursor activation but is an outcome of the activation. 110-118 of homogentisate 1,2-dioxygena88;(PDB code
It is interesting that the main chain nitrogen of Ser170 (Serl) leyb; rmsd= 0.80 A), and residues 6977 of bacterial
interacts with the side chain of Asn413 (Asn244) which xylanase 84; PDB code lexg; rmsek 0.84 A). However,
hydrogen bonds to Arg443 (Arg274) in the native structure no backbone distortion was found in these conformations.
and the precursor structure with the modeled Ser170 (FigureThe conformational constraint in precursor GCA may be
3A). This hydrogen bond network may support a structural confined within the spacer peptide during precursor folding.
framework of the autoproteolytic site and further the active Conformational changes in proteins are made possible by
site of GCA, whereas the catalytic triad on the opposite side their intrinsic flexibility. These changes may occur with only
provides a functional role. relatively small expenditure of energy. It should be noted

Autoproteolytic Site Waters and Awgdtion Potential One that this spacer region has an intrinsic flexibility with high
structural feature that drew our attention was the presenceB-factors. Furthermore, we cannot rule out the possibility
of WAT1 and WAT2 trapped inside by the spacer peptide that the current peptide bond geometry between GIn168 and
at the autoproteolytic site. The solvent molecules underneathGly169 may have been created by the S170A mutation.
the spacer peptide are sequestered in a hydrophobic environNevertheless, the plausible peptide flip and geometric
ment, surrounded by mainly nonpolar amino acid residues constraints seem to be crucial for the activation of the GCA
(Leu193, Phe227, Val239, and Phe346). In the monomeric precursor polypeptide. In this connection, it is very likely
CA precursor structure, a solvent molecule forms hydrogen that a high-energy state of the spacer peptide due to
bonds with the main chain NH of Val239, the OD1 of conformational constraints may trigger the autoproteolytic
Asn413, the carbonyl oxygen of GIn168, and the OG of cleavage in GCA.
Serl70. It is stabilized by four hydrogen bonds in pseudo- On the opposite side of WAT1 with respect to Serl70,
tetrahedral geometry and provides a base role to assist theanother water molecule, WAT3, forms a strong hydrogen
nucleophilic attack by the hydroxyl group of the serifd)( bond with ND1 of His192 (2.7 A) (Figure 3A). Its position
In dimeric precursor GCA, there are no charged or hydro- is well conserved in both the native and precursor structures,
philic groups within 3.4 A of the hydroxyl group of Ser170, and its electron density level is comparable to that of protein
except for WATL1. This solvent molecule, close to the side chains. We postulate that WAT3 may carry out the
hydroxyl group of Ser170 (2.6 A), sits 3.0 A from the Val239 second nucleophilic attack on the ester intermediate. First,
amide nitrogen and 3.1 A from WAT2 (Figure 3A). WAT2  mutant protein H192S in GCA has been shown to completely
is hydrogen bonded to Tyrl49, Tyr202, and Arg226. impair autocleavage (unpublished results), suggesting an
However, the carbonyl oxygen of GIn168 is oriented away important role of the imidazole ring and plausibly WAT3.
from WAT1. A peptide flip between GIn168 and Gly169, Second, all mutants at position 169 in the acylase from
as modeled in the monomeric CA, would reorient the Pseudomonasp. 130 belonging to CA-I showed no process-
carbonyl group closer to WAT1 for a possible hydrogen ing or acylase activity, suggesting that glycine at position
bond. It would also bring GIn168 from fa strand to ar 169 is the critical and primary determinant of the precursor
helix area of the Ramachandran plot (from 1406—61.2 processing®). In fact, any side chain would create a steric
in ¥). However, this peptide flip is less favorable in the clash with WAT3 in our precursor structure. Third, based
current GCA precursor structure, demonstrated by a negativeon the comparison of solvent molecules at the autoproteolytic
peak in the difference Fourier map. Interestingly, dhielix site between the precursor and native GCA structures, it is
(Prol62-Alal66) in the spacer peptide appears to contain a likely that WAT1 is able to donate a proton to the main chain
conformational strain on the backbone, in that ¢hangle NH of Serl70, a leaving group. In addition, if we consider
of Leul65 ¢ —103.C andy —46.0°) deviates significantly ~ a dynamic rearrangement during the peptide flip and the
from ideality. The backbone angle-NCa—C (r angle) of following N — O acyl shift, our structures strongly suggest
Asnl71 also deviates more than #om ideality, but the that the carbonyl carbon of the ester intermediate becomes
planarity of the scissile peptide bond is refined close to closer to WAT3. Therefore, WAT3 may play a role as a
ideality. One unusual turn of the GA precursor creates second nucleophile for the ester intermediate breakdown,
conformational strain on the backbone, in that the planarity with the help of the imidazole ring of His192 as a general
of the scissile peptide bond between Aspl51 and Thrl52base. It can be inferred that WAT1 may play a role as a
and ther angle of Asp151 deviate significantly from ideality ~base to initiate a primary nucleophilic attack and then the
(16). In the monomeric CA precursor, thieangles of GIn168  proximal WAT3/histidine/glutamic acid pseudotriad then
and Gly169 deviate more tham 3rom ideality (14). carries out a flank attack on the ester intermediate.

A highly strained and distorted trans configuration at the  Transition State Complementarity in Cis Autoproteolysis.
autocleavage site was suggested to generate the activatio®uring the course of the cis-autoproteolytic reaction, a
potential for autoproteolytic cleavageq). The pro segment  hydroxazolidine transition state is produced and partly
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FicurRe 4: Proposed autoproteolytic mechanism for the precursor GCA. The model is based on the refined structures of native and precursor
GCA, with some modification (see the text). Dotted lines indicate hydrogen bond interactions. (A)-Fh® Byl shift producing an ester

linkage. An open arrow represents the plausible peptide flip site and a filled arrow a nucleophilic attack. (B) Hydrolysis of the ester
intermediate, finishing the cleavage of the C-terminus of the spacer peptide.

stabilized by the oxyanion hole consisting of the main chain residue. In case of GA, which has aspartate instead of
nitrogen of His192. This is featured in the hydrogen bond glycine, the crystal structure shows that the carboxyl side
between Gly169 and His192 in the antiparalflsheet chain has a good internal hydrogen bond with the amide N
conformation of the precursor, one of the key differences of Thrl53, a nucleophilic residue in GALl§), another
between the native and precursor GCA. This transient indication of the stabilization of the putative transient
hydroxazolidine is composed of Serl70 (backbone N, C hydroxazolidine ring. Structural features that specifically
Cs, and Q) and the carbonyl carbon of Gly169, making a stabilize the hydroxazolidine as well as oxyanion may be
putative five-membered ring. Our structure demonstrates thatlikely candidates for the transition state complementarity in
the side chain OD1 of Asn413 is very close to form a strong cis-autoproteolysis. Further studies are necessary to determine
hydrogen bond with the nitrogen atom of the hydroxazolidine whether this stabilization is a common feature in auto-
(2.6 A). It is generally conceived that the transition state is proteolysis.

stabilized by an oxyanion hole in cis-autoproteolysis, as  Autoproteolytic Mechanisn®n the basis of our structures,
observed in serine protease. In addition to this oxyanion hole,we propose an activation mechanism of precursor GCA
the stabilization of the hydroxazolidine ring by Asn413 OD1 during autoproteolysis that utilizes an ™ O acyl shift.
would be critical for the acylation step during the-N O Initially, WAT1, a sequestered solvent molecule underneath
acyl shift. Mutation data have been shown to support this the spacer peptide, is held by hydrogen bonds in pseudo-
notion: the N413D mutant protein is autoproteolyzed as tetrahedral geometry. One of the hydrogen bonds could be
native GCA, whereas the N413A mutant severely blocks the created by a peptide flip under the influence of the confor-
autocleavage3). Probably more importantly, the immediate mational constraints within the spacer peptide. WATL1 is
amino-terminal residue of the autoproteolytic nucleophile is positioned to act as a general base and deprotonate the
conserved as glycine in PRO, PGA, GCA, and GAT of the hydroxyl group of Serl70 to enhance its nucleophilicity
Ntn hydrolases, except for that in GA. Other internal (Figure 4A). The nucleophilic attack on the carbonyl carbon
autoproteolytic proteins such as intein85), aspartate  of Glyl69 by Serl70 OG would result in producing a
decarboxylase3p), and hedgehog proteiT) have the same  transition state of the hydroxazolidine ring stabilized by
conserved glycine residue as an immediate amino-terminalAsn413 OD1 as well as an oxyanion hole of the backbone
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nitrogen of His192. Collapse of the transient hydroxazolidine energy conformational constraint within the spacer peptide,
shifts the scissile bond from an amide to an ester bond which would then introduce a peptide flip at the auto-
intermediate (N— O acyl shift), completing the acylation proteolytic site. A sequestered solvent molecule held by
step of the primary processing. A bound solvent molecule hydrogen bonds near the hydroxyl group of Serl170 may play
WATS3 starts the deacylation step to carry out the second a role as a general base for autoproteolysis. Therefore, the
nucleophilic attack on the carbonyl carbon of the newly existence of the spacer peptide in precursor GCA provides

formed ester intermediate (Figure 4B). This water molecule two major structural roles in autoproteolysis:

(1) the

is hydrogen bonded to the side chain of His192 interacting confinement of conformational constraints at the auto-
with the side chain of Glu624, mimicking a catalytic triad proteolytic site and (2) the sequestration of solvent molecules.

to increase the nucleophilicity of the second nucleophile.

After the second nucleophilic attack, the stabilization of a ACKNOWLEDGMENT

tetrahedral intermediate is achieved by the same oxyanion
hole of His192. Finally, the ester intermediate will be

the C-terminus of Gly169. The spacer peptide is now linked
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